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Phosphorus (P) is a major driver of eutrophication, especially in anthropogenically impacted coastal waters, and determining its bioavailability is important for providing a good estimation of the eutrophication potential in aquatic systems. Therefore, we observed the bioavailability of P in four laboratory experiments on water samples collected in March, June, September, and December 2018. In the experiments, all P fractions of the sampled water were investigated in three treatments (“unfiltered” and “10 μm”- and “1.2 μm”-filtered). The bioavailability (utilization by organisms within several days) ranged from 9 to 100% for dissolved P, and 34 to 100% for particulate P. However, one of the particulate P fractions was bound in biomass and therefore was not directly bioavailable. The conditions in the March experiment represented a natural spring bloom with a residual potential for planktonic growth. In June and September, the nutrients needed for growth were depleted in the different treatments. In December, a spring bloom was simulated by the laboratory conditions. Preferential P uptake by a specific group of organisms could not be observed directly, although a trend of higher utilization of dissolved P by heterotrophic bacteria was observed. In conclusion, the bioavailable P (sum of dissolved P fractions and one particulate P fraction) accounted for between 20 and 94% of the total P. Consequently, our experiments demonstrated that the commonly monitored P fractions lead to an underestimation of the bioavailable P and thus of potential for eutrophication in aquatic systems, too.
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INTRODUCTION


Connection Between P and Eutrophication

Phosphorous (P) is essential for life because it is a component of important biomolecules (e.g., DNA and ATP). Together with nitrogen (N), it is primarily responsible for eutrophication, especially in surface waters (OECD, 1982; Hecky and Kilham, 1988). Eutrophication is a global problem in limnic and marine systems (e.g., Yang et al., 2008; Chrislock et al., 2013; Jessen et al., 2015). The elevated nutrient loads into the aquatic systems lead to an increase in organic matter and with it a decrease of water quality (e.g., Larsson et al., 1985; Nixon, 1995).

Since the 20th century, anthropogenic activity has led to excessive input of both P and N into aquatic systems and caused shifts in the trophic status of European waters, such as the Baltic Sea, which shifted from an oligo- to a eutrophic system (Gustafsson et al., 2012). To address the eutrophication problem, regulations such as the Water Framework Directive (WFD, 2000/60/EC), the Marine Strategy Framework Directive (MSFD, 2008/56/EC), and the Helsinki Commission’s (HELCOM) Baltic Sea Action Plan (BSAP, HELCOM, 2007, 2013) were adopted to achieve higher water quality. For example, nutrient inputs were reduced by technically improving sewage plants in Germany (Nausch et al., 2011). Nevertheless, the level of eutrophication remains high in 95% of the Baltic Sea (LUNG, 2016; HELCOM, 2018a,b), and further reductions of the nutrient inputs are needed. Therefore, the catchment areas of the rivers that discharge into the Baltic Sea have become a focus of HELCOM’s efforts.

Different P fractions were monitored in the water column of the lowland Warnow River and its estuary in northeastern Germany monthly between August 2016 and August 2018 (Bitschofsky and Nausch, 2019; Rönspieß et al., 2020). The 3,024 km2 catchment of the river is one of the largest catchments in Germany that discharges into the Baltic Sea. Its agricultural land use is quite typical for the catchments of the southern Baltic Sea (HELCOM, 2010). Consequently, the Warnow system represents an appropriate model system for such investigations.

Phosphorus plays an important role in the Baltic Sea environment because elevated P concentrations promote N fixation, partly by toxic cyanobacteria (cyanos; Finni et al., 2001). Regular monitoring programs observe the status of the aquatic systems as the Baltic Sea and its coastal waters. Commonly, P is only monitored as total P (TP) and dissolved inorganic P (DIP). The scope of the monitoring approach in the Project PhosWaM (P from source to sea), which is within the scope of this work, was extended to analyze the particulate and dissolved P forms as well as organic and inorganic P. The extension was necessary because in the determination of P via the reaction with molybdate (Murphy and Riley, 1962). DIP as well as a small but unknown amount of labile organic P is measured (Jarvie et al., 2002). To prevent overestimation, the traditional terms for the P fractions, namely, DIP, dissolved organic P (DOP), particulate inorganic P (PIP), and particulate organic P (POP), were changed based on their analytical behavior (Felgentreu et al., 2018) into dissolved molybdate-reactive P (DRP; similar to DIP), dissolved non-molybdate-reactive P (DNP; similar to DOP), particulate molybdate-reactive P (PRP; similar to PIP), and particulate non-molybdate-reactive P (PNP; similar to POP). The determination of these fractions and their respective bioavailability allow a more effective estimation of the eutrophication potential.



Bioavailability of P

Boström et al. (1988) defined bioavailable P (BAP) “as the sum of immediately available P and P that can be transformed into an available form by naturally occurring physical (e.g., desorption), chemical (e.g., dissolution) and biological processes (e.g., enzymatic degradation).” Based on this definition, Reynolds and Davies (2001) studied P bioavailability with respect to P utilization by algae and plants, and other authors (e.g., Sonzogni et al., 1982) described BAP as the part of TP that is used for growth. According to our experimental design and analytics, we defined BAP as the P fractions that can be utilized by organisms within several days, taking into account the fact that P can also be released over longer periods of time. P uptake occurs either directly or after transformation into a usable P fraction on the given time scale.

Many bioavailability studies have focused on the bioavailability of sedimentary P (e.g., Sonzogni et al., 1982; Ekholm, 1994; Tang et al., 2018). Nevertheless, the analyses differ from those used for water column P determination. In the sediment, BAP is extracted by different chemicals that release loosely bound P or P bound to iron and manganese (e.g., Psenner et al., 1984; Ruttenberg, 1992). Although there are also some studies on the bioavailability of P in the water column (e.g., Stepanauskas et al., 2002; Lønborg et al., 2009), these mostly focus on the dissolved P fractions.

In the water column, TP and DRP are the traditionally monitored fractions. Therefore, DRP is considered representative of BAP (Boström et al., 1988; Thingstad et al., 1993) and can be used to estimate the potential for eutrophication. However, the differences between TP and DRP are large, especially in eutrophic waters (Rönspieß et al., 2020), and the remaining P fractions (DNP, PRP, and PNP) may play a role in the eutrophication of such systems. Nausch and Nausch (2006, 2007) previously characterized DNP as a main P source for phytoplankton and bacterial growth, although the particulate P fractions could also be bioavailable (e.g., Sonzogni et al., 1982; Ekholm, 1994; Tang et al., 2018). The present study aims to clarify the bioavailability of the P fractions in the water column without interaction with the sediment by answering the following questions:


1.Are the particulate P fractions also bioavailable, and if so, how differ the amounts of bioavailability between the BAP fractions?

2.Do the BAP fractions show seasonal variability?

3.Is it possible to differentiate the BAP fractions taken up by phytoplankton and bacterioplankton?



These questions will be answered through the experiments described herein. In conclusion, the impact of all BAP fractions can be evaluated in comparison to that of only DRP in the estimation of the eutrophication potential of the Warnow Estuary. Moreover, the results can indicate the importance of these fractions in general (seasonal variability e.g., for monitoring programs or official regulation of fertilization).



MATERIALS AND METHODS


Study Area

The Warnow Estuary is separated from the Warnow River by a weir in the southern part of Rostock (population ca. 207,500 in 2016), which completely surrounds the estuary. Thus, the estuary is highly anthropogenically influenced. It is relatively shallow (mean water depth 4 m), has an area of 12 km2 and widens toward the river mouth in the north of the estuary (Bachor, 2005). The salinity in the Warnow Estuary varies depending on the influence of the water masses from both the Warnow River and the Baltic Sea.



Sampling

The water samples for the laboratory experiments were taken at the Hundsburg station in the middle of the course of the Warnow Estuary (latitude 54.13000, longitude 12.09660) once per meteorological season (March, June, September, and December 2018). Surface water was collected from a former ferry dock with a bucket and poured into canisters. During the sampling, accompanying parameters (air and water temperature, conductivity, pH, and oxygen) were measured with two different multi-parameter probes (HQ40d from HACH, HI 9828 from ATP Messtechnik GmbH; Supplementary Material 1), with conductivity especially important as it was used to classify the hydrodynamic situation of the estuary (influence of the Baltic Sea or Warnow River). The sampled water was stored overnight in the canisters in a 15°C cooling room.



Experimental Design

In the laboratory, four experiments (one for each meteorological season: March, June, September, and December) were performed in three treatments with three replicates each. For the treatments, the sampled water was sequentially filtered. For the “unfiltered” treatment, the sampled water was used to represent the natural biological community (zooplankton, phytoplankton, and bacteria). For the “10 μm” treatment, the filtrate from 10 μm-filtered water (nylon membrane with Ø = 47 mm; vacuum pressure constant at 850 hPa), from which most zooplankton were excluded, was used. For the “1.2 μm” treatment, the filtrate from 1.2 μm-filtered water (GF/C with Ø = 47 mm or mixed cellulose ester membrane with Ø = 142 mm; vacuum pressure constant at 850 hPa), from which the zooplankton and most phytoplankton were removed, thus leaving only the bacterial community, was used.

The water for the treatments (each replicate was approximately 12 l) was poured into 15 l reaction bottles (NALGENE) that were permanently ventilated and stored in a 15°C cooling room with a day-night cycle of 16 h:8 h. The water was sampled once per day over 9 days (d0 to d8). The bioavailability of the P fractions was estimated by measuring the changes in the concentrations of the different fractions over the duration of each experiment.



Determination of P, N, and Carbon

In addition to TP, four P fractions (DRP, DNP, PRP, and PNP) were measured. The reason for the extension of the P analysis from the traditionally monitored TP and DRP was the large difference between these fractions due to the higher amount of particulate matter in shallow eutrophic waters (Felgentreu et al., 2018). The P fractions were categorized using the adapted nomenclature based on their reactivity with molybdenum blue. In general, P is analyzed calorimetrically after Murphy and Riley (1962). While the DRP and PRP fractions were measured immediately, the TP, DNP and PNP fractions were measured after alkaline persulfate digestion following Koroleff (1999). The dissolved and particulate P were differentiated via filtration (GF/F-filter, retention range 0.7 μm) of the water samples, and an analysis was performed for the original sample and the filtrate (for dissolved fractions). The particulate fractions were calculated as the difference between the sample and the filtrate (Felgentreu et al., 2018).

Nitrogen was analyzed as dissolved (nitrate and nitrite only) and total particulate N. A volume of 50–85 ml was filtered (GF/F-filter, Ø = 25 mm, retention range 0.7 μm) using vacuum pressure (850 hPa). In the filtrate, nitrate and nitrite were measured with an autoanalyser (Evolution III, Alliance Instruments) according to Koroleff (1999) and HELCOM (2017a). The filters were stored frozen (−20°C) for the determination of the total particulate N and carbon (C). Prior to the analysis with an elemental analyzer (varioMICRO cube, Elementar), the filters were dried at 60°C for 6–8 h and stored in a desiccator at ambient temperature. Directly before measurement, the filters were again dried at 60°C for 2–4 h. For the analysis, the filters were wrapped in tin boats. The analysis followed the instructions of Ehrhardt and Koeve (1999) and HELCOM (2017a). In this study, the total particulate N and C were analyzed. Thus, the step for eliminating inorganic N and C was omitted.



Analysis of the Biological Community

The biological community was first estimated based on the chlorophyll a (Chla) concentration. Water (50–700 ml) from each replicate of the three treatments was filtered (GF/F-filter, Ø = 25 mm, retention range 0.7 μm; vacuum pressure constant at 850 hPa). The filters were stored frozen at −80°C for approximately 12 h, and then the Chla was extracted by 96% ethanol for 3 h and measured with a fluorometer (Turner 110, 10-AU-005) according to Wasmund et al. (2006) and HELCOM (2017b).

The community was also analyzed by microscopic observations. Therefore, samples from the “unfiltered” and the “10 μm” treatments were taken at the beginning (d0) and the end (d8) of each experiment and fixed with Lugol’s solution (0.5 ml for 100 ml sample; Willén, 1962; HELCOM, 2017c). For the observations, an Utermöhl microscope (Axiovert 100) was used. The community was divided into taxonomic groups (Table 1), and the relative abundances of the organisms in the groups were estimated and clustered into categories (Table 2).


TABLE 1. Division of the biological community in taxonomic groups.

[image: Table 1]
TABLE 2. Classification of the relative abundance of organism groups into categories.

[image: Table 2]The abundances of heterotrophic and autotrophic bacteria were analyzed with a flow cytometer (FacsCalibur, Becton Dickinson Biosciences) following the instructions of Gasol (1999). Therefore, 2 ml of the water samples (d0 and d8 of the “unfiltered” and “10 μm” treatment, d0 to d8 of the “1.2 μm” treatment) were fixed with 200 μl sterile filtered formaldehyde (CH2O). After 30 min, the samples were stored frozen at −80°C until they were measured.



RESULTS


Variability of P Fractions

The median TP did not vary substantially over the 9 days in the respective treatments of each experiment but differed among the four experiments (Table 3 and Supplementary Material 2). In the “unfiltered” treatment, the maximum TP concentration was measured in June, and the minimum was measured in September. Due to filtration and the seasonality, the TP concentration in the “10 μm” treatment was 71–98% of the TP concentration in the “unfiltered” treatment, while in the “1.2 μm” treatment, it was 28–96% of the TP concentration in the “unfiltered” treatment (minimum amounts in June, maximum amounts in December).


TABLE 3. Median of the total phosphorus [μM] with the standard error for all treatments during the experiments.

[image: Table 3]The “unfiltered” and “10 μm” treatments reacted similarly. In general, the concentrations of the molybdate-reactive P fractions (DRP and PRP) decreased over the duration of each experiment, while the PNP fraction increased (Figure 1 and Supplementary Material 2). The DNP concentrations seemed to remain essentially stable. As a consequence of filtration, the dissolved P fractions dominated in the “1.2 μm” treatment.
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FIGURE 1. Development of the phosphorus (P) fractions (median of triplicates) in all treatments (“unfiltered,” “10 μm,” “1.2 μm”) during the four experiments, DRP, dissolved molybdate-reactive P; DNP, dissolved non-molybdate-reactive P; PRP, particulate molybdate-reactive P; PNP, particulate non-molybdate-reactive P.


During March, DRP decreased while PNP increased in all treatments. Additionally, the PRP concentration decreased in the “unfiltered” and “10 μm” treatments. In June, the P fractions did not vary substantially among each of the treatments. In September, the DNP concentration dropped on the first day but increased slightly afterward and approached its original concentration by the end of the experiment in all treatments. In this experiment, the DRP curves differed among the treatments. DRP decreased in a sigmoidal curve in the “unfiltered” treatment. In the “10 μm” treatment, DRP initially increased, then stagnated and finally decreased. A similar pattern was observed in the “1.2 μm” treatment, where DRP increased during the first day but decreased immediately and slightly increased afterward. The PNP concentration increased and stabilized in the “unfiltered” and “10 μm” treatments, while it decreased in the “1.2 μm” treatment during September. In December, DRP decreased while PNP increased in the “unfiltered” and “10 μm” treatments. DNP and PRP did not vary much during this experiment. In the “1.2 μm” treatment, no major variation in the P fractions was observed in December.



Development of the Biological Community

The development of phytoplankton was estimated based on the Chla concentration (Figure 2 and Supplementary Material 2). The curves of the Chla concentration presented similar variations like the PNP curves in the “unfiltered” and the “10 μm” treatments. As expected, the “1.2 μm” treatment had a much lower Chla concentration than the other treatments (approximately 1–11% of the Chla in the “unfiltered” treatment).


[image: image]

FIGURE 2. Variation in chlorophyll a (Chla, median of triplicates) in all treatments and experiments.


The biological communities of the “unfiltered” and “10 μm” treatments were similar to each other (Figure 3 and Supplementary Material 3). The main difference was that zooplankton were more present in the “unfiltered” treatment than in the “10 μm” treatment, although their classification (>>1%; Table 2) did not show this difference. In general, centric diatoms (Centrales under and above 25 μm) were the dominant organisms at the end of all experiments. Additionally, the group “Others,” which mainly consisted of picoplankton, dominated in both treatments, especially in September and at the beginning of December. Small cyano-colonies played a role in both treatments at the beginning of March, June and September. Filamentous cyanos were highly abundant at the end of June in both treatments and at the end of March in the “10 μm” treatment.


[image: image]

FIGURE 3. Biological community (median of triplicates) in the “unfiltered” and “10 μm” treatment; for the definitions of categories, see Table 2, Cyanobacteria (Cyanos) and Diatoms are summed and shown as stacked bars, Mar, March; Jun, June; Sep, September; Dec, December; d0, day 0; d8, day 8.


In the flow cytometric analysis of all treatments, more heterotrophic bacteria than autotrophic bacteria were counted (Supplementary Material 4 and Figure 4 for “1.2 μm” treatment). The development of heterotrophic and autotrophic bacteria was visualized through daily measurements of the “1.2 μm” treatment (Figure 4 and Supplementary Material 4). The fewest events per ml were observed in December for both types of bacteria. The experiment in March showed a classic growth curve for heterotrophic bacteria (the number of bacteria increased, reached stagnation and decreased). The highest count of heterotrophic bacteria occurred in June, while the highest count of autotrophic bacteria occurred in September.


[image: image]

FIGURE 4. Development of heterotrophic and autotrophic bacteria (median of triplicate experiments) in the “1.2 μm” treatment over the four experiments.




DISCUSSION


N:P Ratios and Their Effects on the Biological Community

The biological community in this study contained a large proportion of Chla, which is an indicator of the presence of primary producers if the amount of Chla and the total particulate C content are correlated. Based on the median of all experiments, these parameters were significantly correlated in all three treatments (Table 4, second column). In the individual experiments, the significance of the correlations changed. In the “unfiltered” treatment, the correlation between Chla and total particulate C was not significant during June and September, which indicates that the biomass of the biological community was dominated by organisms other than primary producers, e.g., zooplankton such as copepods and ciliates (Figure 3).


TABLE 4. Coefficients of the Pearson correlation between chlorophyll a and total particulate carbon (values as medians for the particular experiment/treatment); * and ** indicate significance.

[image: Table 4]The bacterial community consisted of more heterotrophic than autotrophic bacteria in all experiments (Figure 4) as indicated by the correlation between Chla and total particulate C, which was only significant in the “1.2 μm” treatment during March (Table 4). The higher correlation between this parameter in March corresponded to a lower amount of autotrophic bacteria, which was supported by the finding that the highest amount of autotrophic bacteria occurred in September (Figure 4).

According to Redfield et al. (1963), the classical C:N:P ratio should be 116:16:1. Nevertheless, there can be sizeable variations in this ratio, especially among bacteria (Godwin and Cotner, 2015). The relationships among these nutrients (Supplementary Material 5) can indicate limitations. Under limiting conditions for just one of the three nutrients, the biomass production of aquatic organisms is also limited (Fleming, 1940; Redfield et al., 1963).

The ratio of the sum of nitrite and nitrate (ΣN) and dissolved P was <1 in June in approximately 77% of the measurements (Supplementary Material 5), which indicated N limitation over the whole experiment and in all treatments. Consequently, the biological community was not able to grow, which was visible through the decreasing Chla concentrations (Figure 2) and the stagnating concentrations of the P fractions (Figure 1). Nevertheless, the amount of heterotrophic bacteria, which presumably transform DNP into DRP (Figure 1), increased during this experiment in all treatments (Figure 4 and Supplementary Material 4).

The experiment in September also showed N limitation. Here, 74% of the measurements had a ΣN:dissolved P ratio of <1 (Supplementary Material 5). Compared with June, the Chla concentrations increased first, stagnated and then decreased, which was similar to the typical growth curve (Figure 2). Even the P fractions varied (Figure 1). Nevertheless, the Chla and TP concentrations were up to three and two times higher, respectively, in June than in September. A possible reason for the differences from June could be N fixation by cyanos, which is suggested by the increasing trend in the sum of ΣN and total particulate N. Moreover, ammonium and organic N species can be used for phytoplankton growth. However, the concentrations of these species were not measurable with the methods used.

During December, 81% of the measurements indicated a N limitation. Compared with June and September, the ΣN:dissolved P ratio in December was <1 in only 7% of the measurements (Supplementary Material 5). Similar to the case in September, the generally increasing Chla concentration (Figure 2) might have resulted from the unmeasured N species that could result in phytoplankton growth. The variations in the P fractions (Figure 1), however, matched the variations in the Chla concentrations, suggesting a simulated spring bloom in the laboratory.



Bioavailability of the Different P Fractions

The bioavailability of P is herein defined as those P fractions that were utilized by organisms, presumably by phytoplankton and bacteria, over short-term scales (within several days). The concentrations of the P fractions decrease or increase due to their transformation. The P fractions with decreasing concentrations were combined as BAP.

Chla and total particulate C are commonly used as proxies for biomass, and both were positively correlated with PNP (Table 5). Consequently, PNP is bound to organisms and thus is not directly bioavailable. However, PNP can become available over long-term scales and in combination with transformation into the remaining P fractions, which are bioavailable over short-term scales (Table 6 and Supplementary Materials 6,7). This availability is crucial because, in line with various studies (e.g., Sonzogni et al., 1982; Thingstad et al., 1993; Reynolds and Davies, 2001), it is assumed that only phosphate (PO43–) can be directly taken up by organisms (phytoplankton and bacteria). Thus, because of the rapid transformation of DNP and PRP into DRP and the uptake of DRP, only decreases in these fractions were detectable under the sampling frequency of the study.


TABLE 5. Spearman correlation coefficients (p ≤ 0.005) between chlorophyll a (Chla) or total particulate carbon (C) and particulate non-molybdate-reactive phosphorus (PNP).

[image: Table 5]
TABLE 6. Relative bioavailability [%] of all treatments during the four experiments based on the respective median values.

[image: Table 6]In the central Baltic Sea, Nausch and Nausch (2006, 2007) found that the relative bioavailability of DNP (DOP) was between 9% and 65%. The DNP in this study showed a similar range of relative bioavailability (“unfiltered” 9–50%, “10 μm” 13–50%, “1.2 μm” 9–54%, Table 6). The minimum DNP utilization was observed in June, when the biomass of the “unfiltered” and “10 μm” treatments stagnated due to N limitation. In the June and December experiments, the transformation of DNP was highest in the “1.2 μm” treatment (24 and 54%, Table 6). Consistent with the negative correlation between the total particulate C and DNP in the “1.2 μm” treatment (Spearman: 0.38; p ≤ 0.005), the transformation of DNP indicates that DNP is mostly taken up by bacteria, likely heterotrophic bacteria (Figure 4), which transform DNP into PNP or DRP. Based on the low concentrations of PRP (Supplementary Material 2), which are often close to the detection limit (0.07 μM according to Felgentreu et al., 2018), approximately 100% of PRP was used (Supplementary Material 6). The exceptions are in the “1.2 μm” treatment in March and September.

Although relative bioavailability is useful as a value for orientation, it does not provide information about the concentration of a nutrient. Low concentrations can decrease more quickly to values below the detection limit and result in higher relative bioavailability. Consequently, degradation rates were also calculated for the different P fractions (Table 7 and Supplementary Material 6). Increasing concentrations of the P fractions were defined by positive rates, while decreasing concentrations were defined by negative rates. Again, the “unfiltered” and “10 μm” treatments were similar. The order of bioavailability according to median degradation rate was as follows (the highest uptake by the biological community is shown first): DRP (“unfiltered” = −3.27 nM h–1, “10 μm” = −3.59 nM h–1) > DNP (“unfiltered” = −2.02 nM h–1, “10 μm” = −1.13 nM h–1) > PRP (“unfiltered” = −1.01 nM h–1, “10 μm” = −1.03 nM h–1). In the case of the “1.2 μm” treatment, the rates were ordered as follows: DNP (−4.86 nM h–1) > DRP (−1.16 nM h–1) > PRP (−0.25 nM h–1). These rates further indicate the preferential DNP transformation and uptake by heterotrophic bacteria that dominate the “1.2 μm” treatment (Figure 4), which was also found by Nausch and Nausch (2007).


TABLE 7. Degradation rate of the phosphorus (P) fractions in experiments based on respective median values.

[image: Table 7]Compared with the DRP degradation rates in the Warnow Estuary, which varied form approximately −0.2 to −9.2 nM h–1, the uptake of PO43– in Hawaiian coastal waters had a lower range (usually between −2 and −4 nM h–1) but a similar dimension (Björkman and Karl, 1994). The documented DNP uptake rates for the Baltic Proper ranged from −0.4 to −4.9 nM h–1 (Nausch and Nausch, 2006). The DNP values in the estuary varied more than those in the Baltic Proper (between −0.3 and −11.8 nM h–1; Table 7). A reason for the wider range in the coastal area is potential competition among utilizing organisms. It has been proven that in addition to heterotrophic bacteria, phytoplankton can use DNP for growth in the absence of DRP (Björkman and Karl, 1994 and references therein).

Regarding the time when the minimum concentration was reached, DNP degraded the fastest among all the fractions. However, the highest DNP degradation rate (−11.81 nM h–1, “10 μm” treatment in September; Table 7 and Supplementary Material 6) indicates that the minimum concentration was approximately 50% of the starting concentration. In contrast, the degradation rates of DRP (−9.15 nM h–1 in the “10 μm” treatment in December; Table 7 and Supplementary Material 6) and PRP (−3.98 nM h–1, “1.2 μm” treatment in December; Table 7 and Supplementary Material 6) both peaked when the minimum concentrations of these fractions were under the detection limit.

During March, the degradation rates of DRP, DNP and PRP together with the build-up rate of PNP hinted at increases in biomass in the “unfiltered” and “10 μm” treatments. Biomass growth increased in both December and March, and the degradation and build-up rates were higher in December than in March. This finding indicated that a simulated spring bloom occurred in the December experiment, which is also demonstrated by the curves of the P, Chla and total particulate C concentrations. The water from the estuary was approximately 8°C when sampled and was stored at 15°C. Together with the day-night rhythm and the already available nutrients, spring conditions were simulated. Consequently, the biomass production of microorganisms, especially primary producers, such as diatom, began after an acclimation period of 4 days (Figure 3).

On average, DNP reached its minimum concentration after 72 h (median over all experiments and treatments), DRP reached its minimum after approximately 154 h (median over all experiments and treatments) and PRP reached its minimum after approximately 166 h (median over all experiments and treatments). Usually, the PNP concentration was highest at the end of the experiments (median approximately 178 h). Thus, although DNP was used first, DRP generally had higher degradation rates, especially in the “unfiltered” and “10 μm” treatments. Thus, DRP appears to be preferred over DNP (Nausch and Nausch, 2006 and references therein). However, our research seems to support at least some concurrent use. The utilization of PRP depends on the concentration of both PRP and DRP, which is consistent with the results of Sonzogni et al. (1982), who found that the release of particulate P from suspended sediment particles depends on the DRP concentration in the surrounding water. Furthermore, our results indicate that a higher PRP concentration corresponds to a higher PRP degradation rate compared to that of DRP (Figure 1).

Moreover, the differences between seasons present greater fluidity under climate change; thus, the results should be interpreted with caution (Kahru et al., 2016; Wasmund et al., 2019). Rönspieß et al. (2020) stated that differentiation via meteorological seasons was not practical in the Warnow Estuary. However, seasonal differences in bioavailability were generally observed. In March, PRP showed the highest degradation rate (−2.67 nM h–1 as the median over all treatments). In June and September, when N was limiting, DNP had the highest degradation rate (−1.03 nM h–1 in June and −7.64 nM h–1 in September as the median over all treatments). In December, DRP had the highest degradation rate (−8.85 nM h–1 as the median over all treatments). These findings indicate that the water sampled from the Warnow Estuary in March was collected after the peak of the spring bloom had been reached. The June and September samplings represented the summer nutrient limitation situation in the estuary, with June representing the beginning of summer and September representing the end of summer. In December, the nutrients in the water samples were mostly re-mineralized. Thus, we observed a simulated spring bloom in the laboratory. Finally, in terms of the uptake of BAP, our results are consistent with that of Sonzogni et al. (1982), who stated that DRP uptake depends on several factors (levels of other essential nutrients, algal species and abundances, light, temperature, and pH). The seasonal effect of the level of N, which is an essential nutrient for life, was particularly evident because the BAP in the ecosystem was not utilized under N limitation (Figure 1).

In summary, BAP consists of DRP, DNP and PRP. BAP as a percentage of TP also varied seasonally and ranged between 20 and 94% among all the treatments (Table 8). The TP concentration in the “1.2 μm” treatment was 28–96% (Table 3) of that in the “unfiltered” treatment, and the proportion of BAP to TP was higher in the “1.2 μm” treatment than in the other treatments. However, the starting concentrations of BAP in the “1.2 μm” treatment were similar to those in the “unfiltered” and “10 μm” treatments (Supplementary Material 6). The difference is that in the “unfiltered” and “10 μm” treatments, more PNP was built up (Table 7).


TABLE 8. Bioavailable phosphorus (BAP) and dissolved molybdate-reactive phosphorus (DRP) as an amount of the total phosphorus (TP) differentiated via the different treatments and experiments based on respective median values.

[image: Table 8]Comparing the proportions of BAP and DRP in the TP, DRP always accounted for less of the TP than BAP (Table 8), although the DRP was up to 100% bioavailable. The ratio of DRP to BAP was higher during the December experiment than during the other experiments. Consequently, in March, June, and September, the BAP content was more dependent on the use of P by the biological community than in December.

Focusing on the natural (“unfiltered”) treatment, because of the higher proportion of BAP than DRP in the TP, monitoring DRP only would lead to an underestimation of the potential for eutrophication by approximately 21% (median of the differences between BAP and DRP in the experiments). Thus, the advice given by Rönspieß et al. (2020) to extend the scope of the monitoring and include DNP, PRP and PNP should be followed. The minimum DRP, DNP and PRP should be monitored regularly because those P fractions are definitely bioavailable over short-term scales. The DNP and PRP fractions were more important during the summer half-year than during the winter months, when the biological community was inactive. This appears to support the hypothesis that only DRP or PO43– is directly taken up by microorganisms. Consequently, DNP and PRP were transformed into DRP very quickly. These transformations are likely regulated by microorganisms (e.g., Hagström et al., 2001; Nausch and Nausch, 2004).



CONCLUSION

In the following the answers to the three initial questions were summarized according to the findings of the bioavailability experiments:


1.DRP, DNP and PRP are bioavailable over short-term scales (within several days). Consequently, they should be included into regular monitoring programs for a better estimation of eutrophication (avoiding an underestimation of approximately 21%).

2.The bioavailability of the different P fractions varied seasonally depending on their availability, on those of other nutrients (e.g., N), and on the biological community using the P fractions.

3.A clear trend which group of organisms is utilizing which P fraction was not clearly observed. However, DNP is most likely taken up by heterotrophic bacteria.
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